Effect of different electrolytes on the swelling properties of calyx[4]pyrrole-containing polyacrylamide membranes by Valente, Artur J. M. et al.
EUROPEANEuropean Polymer Journal 42 (2006) 2059–2068
www.elsevier.com/locate/europolj
POLYMER
JOURNALEffect of different electrolytes on the swelling properties
of calyx[4]pyrrole-containing polyacrylamide membranes
Artur J.M. Valente a,*, Abı´lio J.F.N. Sobral a, Alfonso Jime´nez b, Sı´lvia Patachia c,
Ana R.C.B. Oliveira a, Victor M.M. Lobo a
a Department of Chemistry, University of Coimbra, 3004-535 Coimbra, Portugal
b Department of Analytical Chemistry, Nutrition and Bromatology, University of Alicante, P.O. Box 99, 03080 Alicante, Spain
c Department of Chemistry, ‘‘Transilvania’’ University of Brasov, 29 Eroilor Str., 500036 Brasov, Romania
Received 5 March 2006; received in revised form 26 March 2006; accepted 2 April 2006
Available online 19 May 2006Abstract
Calix[4]pyrrole (1) was synthesized and characterized and this macrocycle was incorporated in polyacrylamide gels. The
presence of meso-octamethyl-porphyrinogen inside of gel was checked using infrared spectroscopy, differential scanning
calorimetry, and swelling studies. The swelling degree of these hydrogels in equilibrium with different electrolytes (NaCl,
LiCl, KCl, CaCl2 and AlCl3) was measured in a concentration range 0.1–0.5 mol dm
3. Although no significant alterations
in the swelling degree can be found for the different 1:1 electrolytes, when the cation charge of unsymmetrical electrolytes
increases, the gel swells in a significant way. This swelling process is enhanced by the presence of calyx[4]pyrrole. The effect
of alkaline hydrolysis of polaycrylamide-based hydrogels was also studied. The hydrolysed hydrogels collapse in the pres-
ence of the electrolytes; this behavior is dependent on the hydrolysis degree, electrolyte charge and calyx[4]pyrrole presence
and concentration; the latter leads to polyacrylamide with tailor-made properties.
 2006 Elsevier Ltd. All rights reserved.
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Porphyrinogens, also known as calix[4]pyrroles,
are excellent chelating agents for binding anions
[1–5] and neutral molecules [6], host materials for
inclusion crystals [7] and also compounds for metal
complexation [8–11].0014-3057/$ - see front matter  2006 Elsevier Ltd. All rights reserved
doi:10.1016/j.eurpolymj.2006.04.002
* Corresponding author. Tel.: +351 239854459; fax: +351
239827703.
E-mail address: avalente@ci.uc.pt (A.J.M. Valente).The past three decades have seen a growing inter-
est in the use of neutral chelating agents to achieve
ion permselectivity in membranes [12,13], which can
be used for separation processes [14], or as sensing
components in ion-selective electrodes [15].
Much work has been done incorporating neutral
chelating agents, such as crown-ethers in hydrogels
with low water content, in particular by physical
immobilisation of crown-ethers in the water-swollen
polymers [16].
Modified polyacrylamide hydrogels have also
been developed to remove metallic ions (e.g., Cu2+).
Scheme 1.
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mers have shown high ionic retention efficiency, the
permeation of different fluids is quite low.
The synthesis (Scheme 1) and characterization of
polyacrylamide membranes containing calyx[4]pyr-
role (1) is reported. The consequences of the macro-
cycle inclusion in polyacrylamide membranes are
shown in terms of swelling degree and calorimetric
analysis. The effect of the macrocycle inclusion
and alkaline hydrolysis in polyacrylamide mem-
branes is shown in terms of differential scanning cal-
orimetry (DSC), Fourier transformed infrared
spectroscopy (FTIR), and swelling degree.
The reported results might help in finding new
applications of these modified gels in the wastewater
treatment (including recycling and recovering).
2. Experimental section
2.1. Reactants
Acrylamide (AAm), N,N 0-methylene-bis-acryl-
amide (MBAAm) (used as crosslinker) and sodium
persulfate (used as initiator) were purchased from
Riedel-de-Haen.
Sodium chloride (Riedel-de Ha¨en, Spain), cal-
cium chloride (E. Merck, Darmstadt, Germany)
and aluminium chloride (E. Merck, Darmstadt,
Germany) were of pro analysis quality and were
used without further purification. The electrolyte
solutions were prepared after drying the salts until
constant weight, and using bi-distilled water.
2.2. Synthesis of meso-octamethyl-porphyrinogen (1)
In a 100 mL round-bottom flask (equipped with
a magnetic stirrer and a condenser) with 1 mL
(15 mmol) of pyrrole and 5 mL of acetone, fivedrops of concentrated HCl were added in a rapid
sequence. The colourless solution turns to brown
and shows a moderate effervescence that is followed
by a rapid precipitation of calix[4]pyrrole, as a white
solid. Calix[4]pyrrole is filtered, washed with 15 mL
of cold acetone and dried at 40 C for 30 min with a
70% yield. Infrared spectrum (KBr): (3440 cm1,
N–H, strong) (3104 cm1, C–Haromatic, medium)
(2886–2899 cm1, C–Haliphatic, strong) (1578 cm
1,
C@Caromatic, strong).
1H NMR (250 MHz, CDCl3/
TMS): (d 1.5, s, 6H) (d 5.8, d = 2.5 Hz, 2H) (d 7.0,
broad s, 1H). 13C NMR (500 MHz, in CDCl3) sig-
nals: 29.07; 35.16; 102.81; 138.4. Mass spectra,
ESI+, direct probe (dichloromethane, 5% trifluoro-
acetic acid): (M + H)+ at m/z 429, 100%; m/z 413,
15%, m/z 334, 7%, m/z 275, 16%. Elemental analy-
sis: N: 12.9%, C: 77.19%, H: 8.24%; expected: N:
13.07%, C: 78.46%, H: 8.47%.
2.3. Polyacrylamide membranes
2.3.1. PAAm membranes preparation
Pre-gel homogeneous aqueous solutions of AAm
(2.5 M), with 5% (mol/mol) of MBAAm and 1% of
initiator were prepared. The hydrogel membranes
were prepared by free radical polymerisation of the
pre-gel solution [18] inside two glass sheets separated
by plastic rubber gasket. Spring clips were used to
hold the glass sheets together. After this procedure,
the mould was placed in an oven at 50 C for 2 h.
The hydrogel membrane was then removed from the
mould, placed between two PVC sheets, and stored
inside an exsiccator at nearly 100% humidity.
2.3.2. PAAm/CD membranes preparation
Three different gels were prepared by free radical
polymerisation of the pre-gel solution obtained by
mixing the above mentioned AAm solution, con-
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Fig. 1. DSC curves for heating runs performed on (a) PA-0, (b)
PA-7 and (c) PA-14 at 5 C/min.
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(previously prepared, 0.254 mM in DMF), in differ-
ent mixing ratios: 100/0; 90/10; 80/20 (v/v); PA-0,
[CP] = 0% (v/v); PA-7, [CP] = 10% (v/v); and PA-
14 with 20% (v/v) of CP.
The obtained membranes contain 0% CP, 7%
(mg/g) CP and 14% (mg/g) CP, respectively, relative
to PAAm, and will be symbolised as PA-0, PA-7
and PA-14.
The membranes produced were clear, indicating
that no phase separation had occurred between
the polymer and calyx[4]pyrrole during the poly-
merisation process. On hydration, the membranes
remained transparent, and this is consistent with
the membranes retaining their homogeneity in the
water-swollen state [16].
2.4. Hydrolysis of hydrogel membranes
The hydrolysis of membranes PA-0 and PA-14
was carried out under an alkaline medium at
25 C. The sodium hydroxide concentration was
maintained at 0.1 mol dm3 (gels PA-0a and PA-
14a) and 1.0 mol dm3 (gels PA-0b and PA-14b),
and the reaction took up to 1 h.
The membrane was then washed with a continu-
ously flux of fresh water until all NaOH had been
desorbed.
2.5. Hydrogels swelling equilibrium in water and salts
solutions
The water swelling degree, Qsw, of a hydrogel
membrane, can be calculated from the weight of
hydrated (Mgw) and dried (xerogel), Mx, samples,
from Qsw =Mgw/Mx. The total weight of hydrated
sample was obtained after three weeks in equilibrium
with water, and the weight of water in hydrated sam-
ple was obtained taking into account the mass of
xerogel, calculated considering a total conversion
of reagents in the polymerisation process [19].
The salt solution equilibrium swelling degree Qss
(=Mgs/Mx) can be similarly determined from the
weight of a membrane (swollen gel) after being in
equilibrium with a salt solution, Mgs. Each experi-
ment was repeated at least three times and they were
carried out at 25 C.
2.6. Polymer characterization
Differential scanning calorimetry (DSC) mea-
surements obtained from a modulated DSC instru-ment Q100 (TA Instruments, USA), equipped with
a cooling unit (temperature range 180 to
725 C). Calorimetric curves were obtained between
50 C and 220 C with a scan rate of 5 C/min.
Sample weights of about 2.2 mg were used and
dry nitrogen was used as the purge gas.
The incorporation of CP into PAAm and the
effect of hydrolysis in hydrogels membranes were
characterized by their infrared spectra using a Vec-
tor 22/N, FTIR BRUKER spectrometer. Mem-
branes were kept 24 h at 28 C and at low
pressure before analysis.
3. Results and discussion
3.1. Polymer characterization
Fig. 1 shows DSC thermograms of PAAm with-
out (PA-0) and with 7 and 14 (mg/g) % of CP, PA-
7 and PA-14, respectively. Thermograms of PA-7
and PA-14 (Fig. 1, curves b and c) show an endother-
mic variation after 140 C, which is due to glass tran-
sitions, Tg, found at 173 and 154 C, respectively.
However, these thermograms are very different of
that of pure PAAm (Fig. 1a), where no Tg is
observed in the considered interval of temperatures.
In fact, this is in agreement with literature where a Tg
at 188 C is reported [20]. From this analysis, two
major conclusions may be taken: alterations in ther-
mograms confirm the modification of the hydrogel
structure by incorporation of the calyx[4]pyrrole;
and calyx[4]pyrrole acts as plasticizer decreasing
the gel Tg.
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to prepare polyacrylamide gels, an identification of
specific peaks of CP, resulting from such incorpora-
tion, becomes a difficult task. Fig. 2 shows FTIR
spectra of PAAm without (PA-0) and with 14%
CP (PA-14) in powder forms. FTIR spectrum of
PA-0 shows two specific peaks at 3180 cm1
(bonded –NH2 stretching) and 1636 cm
1 due to
–NH2 bending. Both peaks also appear to PA-144000 3500 3000 2000 1500 1000
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Fig. 2. Infrared spectra of (1) PA-0 and (2) PA-14.
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Fig. 3. A. FTIR spectra of polyacrylamide (a) and modified polyacrylam
1602 cm1, III: 1553 cm1. B. Inset figure: FTIR spectra overlapping tsample but with broader peaks; the first at
3337 cm1 as due to NH groups of pyrrole and
the second (well defined to PA-14) probably due
to the overlapping of the specific characteristic
bands of C@Caromatic vibrational mode. Besides
such alterations, it is worthwhile to note an appear-
ance of a peak at 2932 cm1 due to CH aliphatic
groups of CP.
The effect of alkaline hydrolysis on the structural
properties of polyacrylamide and CP-containing
polyacrylamide (in membranes) was followed by
FTIR and is shown in Figs. 3 and 4, respectively.
It is possible to observe that the characteristic
absorption bands of PAAm (3336 cm1: free-NH2,
stretching; 3190 cm1: bonded-NH2 stretching;
1650 cm1: –C@O stretching; 1602 cm1: –NH2
bending; and 1471 cm1: C–N stretching) [21,22]
are present in all spectra.
By comparing the effect of NaOH treatment in
polyacrylamide gels without and with CP (Figs. 3
and 4, respectively) it is possible to conclude that:
(a) the intensity of the band at 3190 cm1 (assigned
to N–H bond) [23] decreases when NaOH concen-
tration increases, for CP-containing gels (see arrow
I in Figs. 3 and 4); and (b) the intensity of bands at
1650 cm1 (assigned to C@O bond from amides)
and at 1602 cm1 (assigned to deformation vibra-400 2000 1600 1200
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Fig. 4. A. FTIR spectra of polyacrylamide-containing calyx[4]pyrrole (a, PA-14), and modified polyacrylamide-containing calyx[4]pyrrole
hydrolysed with 0.1 M NaOH (b, PA-14a) and 1.0 M NaOH (c, PA-14b). I: 3190 cm1, II: 1602 cm1, III: 1553 cm1. B. inset figure:
FTIR spectra overlapping to clarify the hydrolysis effect.
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decreases drastically when NaOH and CP concen-
trations increase. This intensity decrease is accompa-
nied by an increasing of the absorption at 1550 cm1
(assigned to the carboxylate groups). In fact, shoul-
ders at 1550 cm1, which can be found in the
untreated membrane spectrum (a spectra in Figs. 3
and 4), became more pronounced when the mem-
branes were treated with a 0.1 M NaOH solution
and they became a sharp band when the membrane
was treated with a more concentrated (1.0 M)
NaOH solution [24]. This means that the presence
of CP in the membranes makes the amide groups
from PAAm more accessible to the NaOH attack,
due to the high dimensions of CP cycles that deter-
mine the moving of the PAAm chains. So, increasing
NaOH concentration will determine the increase of
the PAAm hydrolysis, shown by the absorption
bands of the carboxylate group (1550 cm1).
The intensity of the absorption at 1417 cm1,
which can be assigned to the carboxylate group
[25], increases with increasing the NaOH concentra-
tion, showing the PAAm hydrolysis. The increase of
this absorption is larger in the presence of CP
(Fig. 4) compared to that of the membrane without
CP (Fig. 3).The influence of the NaOH concentration on the
hydrolysis degree of PAAm, in the absence and the
presence of CP, can be observed in Figs. 3 and 4,
respectively. The increase of the hydrolysis degree
of PAAm in the presence of CP and with the
increase of the NaOH solution concentration could
be seen when we compare the ratio between the
absorption at 1553 cm1 (carboxylate group) and
1602 cm1 of the amide group (Table 1).
Results in Table 1 show that no significant
hydrolysis occurs when 0.1 M NaOH is used, and,
at more caustic conditions, CP has a non-neglected
influence on the hydrolysis process. In fact, it can be
expected that in the presence of CP the free space
between polymer molecular chains increases, and
consequently a higher access of NaOH inside mem-
brane occurs. This may explain an increase of 57%
of I1553/I1602 in the presence of CP when compared
with the homologue without CP.
This hypothesis is supported by the water
absorption analysis. The swelling degree of PA-0,
PA-7 and PA-14 slightly increases: 6.27 (±0.03),
6.47 (±0.02) and 7.05 (±0.02), respectively. When
PA-0 and PA-14 gels suffer alkaline hydrolysis in a
small extension (NaOH 0.1 M), swelling degree also
increases to 6.38 (±0.03) and 7.15 (±0.03). A more
Table 1
Effect of sodium hydroxide and calyx[4]pyrrole concentration on
the hydrolysis of polyacrylamide and on the water swelling of
membranes
Sample [NaOH]/M I1602 I1553 I1553/I1602 Qsw
PAAm
(PA-0)
0 0.492 0.236 0.479 6.27 (±0.03)
PAAm
(PA-0a)
0.1 0.551 0.277 0.502 6.38 (±0.02)
PAAm
(PA-0b)
1.0 0.467 0.327 0.700 9.24 (±0.02)
PAAm + CP
(PA-14)
0 0.518 0.225 0.434 6.47 (±0.01)
PAAm + CP
(PA-14a)
0.1 0.483 0.214 0.443 7.15 (±0.02)
PAAm + CP
(PA-14b)
1.0 0.325 0.357 1.100 9.94 (±0.02)
LiCl/PA-0
NaCl/PA-0
KCl/PA-0
LiCl/PA-7
NaCl/PA-7
KCl/PA-7
LiCl/PA-14
NaCl/PA-14
KCl/PA-14
0.0 0.2 0.4 0.6 0.8 1.0 1.2
A
CaCl2/PA-0
AlCl3/PA-0
CaCl2/PA-7
AlCl3/PA-7
CaCl2/PA-14
AlCl3/PA-14
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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Fig. 5. Normalized swelling degree, Qss/Qsw, of polyacrylamides in aqueous solutions of (A) symmetrical univalent (LiCl, NaCl and KCl)
and (B) of unsymmetrical (CaCl2 and AlCl3) electrolytes, at 25 C. The error bars are not drawn to avoid confusion but the maximum
error in the swelling degree calculation is 5%.
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gel membranes are previously immersed in NaOH1.0 M. Under these circumstances, the swelling
degree for both gels, PA-0 and PA-14, increases to
9.24 (±0.04) and 9.94 (±0.05), respectively.
The above results deserve the following com-
ments: (a) Qsw increases with CP content inside
gel, following a linear trend; (b) Qsw of PA-0a and
PA-14a are slightly higher than those found to
PA-0 and PA-14, following the same displacement
found by FTIR analysis; and (c) gels PA-0b and
PA-14b suffer a dramatic increase of Qsw.
In the presence of NaOH, the sorption is accom-
panied by an alkaline hydrolysis process and conse-
quently by the formation of an anionic gel. The
swelling behavior can be explained on the basis of
repulsions between fixed charged groups on
the gel. These repulsions are long-range and the
gel expands to minimize the repulsive free energy
[26].
A.J.M. Valente et al. / European Polymer Journal 42 (2006) 2059–2068 2065From the swelling degree and FTIR data, it is
also observed that the hydrolysis displacement in
gel PA-14c (ca. 150%, taking as reference the gel
PA-14) is not accompanied in a such large extension
by the swelling degree (ca. 40%). In the case of alka-
line hydrolysis, a small alteration in the water swell-
ing degree occurs (see Table 1). However, it is worth
noting that the swelling of the hydrogel is enhanced
in the CP-incorporated PAAm gel clearly suggesting
that CP acts as plasticizer; in this way, CP will con-
tribute to the increase of available amide groups
that suffer hydrolysis, which is in agreement with
DSC analysis.
3.2. Effect of non-associated electrolytes on the
swelling degree of PAAm/CP membranes
The effect of different electrolytes in the swelling
degree of polyacrylamides with and without CP
incorporation was analysed. Fig. 5(A) shows the
dependence of normalized swelling degree
(NSD = Qss/Qsw) of gels on different LiCl, NaCl
and KCl aqueous solutions. Although no significant
alterations in Qss concerning different electrolytes
can be found, in a general way, the swelling degree
increases with electrolyte concentration. Comparing
the results in PA-0, it is possible to observe that Qss
increases in the following order: LiCl < NaCl <
KCl. These results suggest that, at 0.1 M, the gel
slightly shrinks in the presence of a high cation
charge density and slightly swells in the presence
of the highest crystallographic cation radius. In fact,
the structurant effect of the cations in the water
structure is as follows: Li+ > Na+ > K+ [27]. This
effect can also explain the highest solubility of LiCl
(highest dependence of Qss on concentration) in PA-
0 when compared with other 1:1 electrolytes [28].
In the presence of CP the swelling degree of PA-7
and PA-14 increases until 20% (PA-14/KCl). This
shows that interactions between cation and CP
occur and, consequently, the counter-ion concentra-
tion inside gel also increases causing the gel expan-
sion. Cation interaction energy minimization using
the semi-empirical method MM2 (Cambridge Soft-
ware, 2001, v. 7.0.0) shows that K+/CP and Li+/
CP have an energy of 45.23 kcal/mol and
65.45 kcal/mol, respectively. The energy in the
Na+ system is between those of the K+ and Li+ sys-
tems. These results, however, do not take into
account the presence of water; in these circum-
stances, these values may suffer significant altera-
tions. A possible explanation may be found on thebasis of the hydration radius analysis; once the
hydration radius of K+ is smaller than that of Li+,
we may expect a greater interaction on hydrated
K+/CP and, consequently, in this system the ionic
strength inside the matrix increases due to an
increase of free counter-ions, and therefore Qss is
the highest of all the 1:1 electrolytes. Concluding,
the presence of CP has influence on the degree of
swelling of PAAm but these polymers are not selec-
tive to 1:1 symmetrical non-associated electrolytes.
The effect of cationic charge on the NSD of differ-
ent polyacrylamides is shown in Fig. 5(B). The
charge effect is predominant on the swelling process.
Comparing the effect of the electrolyte symmetry,
the structurant effect of Ca2+ is much higher than
in the case of univalent cations. Consequently, a col-
lapse of the PA-0 at low concentrations occurs; when
the concentration increases the ionic strength, not
only it cannot be neglected, but it plays the main role
on the process (that is, the gel swells). However the
largest charge effect (an increase of Qss up to 50%)
occurs in the presence of CP. With an increase of
the Ca2+–CP and Al3+–CP associations, the internal
salt concentration rises, as well as the concentration
of the counter-ions, the difference between the inter-
nal and external ion concentrations increases, and
the gel swells due to an increase in osmotic pressure
[29]. It is also important to point out that the effect of
CP incorporation is lower when the cationic charge
increases from 2 to 3.
3.3. Effect of electrolytes on the swelling degree of
hydrolysed PAAm/CP membranes
The swelling properties of PAAm/CP gels are
influenced by NaOH sorption and this may be
resumed in the following way: with the base-cata-
lyzed amide hydrolysis, a formation of carboxylates
and ammonia occurs. In the present case, ammonia
can be leached out during the hydrogel washing pro-
cess. The functionalization of amide to carboxylate
groups is of practical importance, increasing the
retention capacity by hydrogels to cations as will
be analysed.
Taking into consideration the experimental
results shown in previous sections, the effect of cat-
ionic charge was checked for NaCl, CaCl2 and
AlCl3 in the concentration range 0.01–0.1 M
(Fig. 6). Once the sorption of these electrolytes leads
to a shrinkage of hydrolysed gels, the results will be
discussed in terms of the normalized collapse
degree, given by the Qsw/Qss(=Mgw/Mgs) ratio; in
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NaCl/PA-14a
NaCl/PA-14b
CaCl2/PA-0a
CaCl2/PA-0b
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Q
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Fig. 6. Normalized collapse degree of hydrolysed hydrogels in equilibrium with different electrolyte (NaCl, CaCl2 and AlCl3) aqueous
solutions. The error bars are not drawn to avoid confusion but the maximum error in the swelling degree calculation is 5%.
Table 2
Fitting parameters obtained from a linear regression of experimental data (Fig. 6) to Eq. (1)
NaCl CaCl2 AlCl3
m/M1 (Qsw/Qss)0 m/M
1 (Qsw/Qss)0 m/M
1 (Qsw/Qss)0
PA-0a 2.1 (0.3) 1.18 (0.02) 4.1 (0.8) 1.39 (0.05) 0.2 (0.1) 1.8 (0.1)
PA-0b 4.6 (0.4) 1.08 (0.02) 5.0 (1.7) 2.9 (0.1) ca. 0 5.1 (1.2)
PA-14a 1.1 (0.3) 1.22 (0.02) 2.0 (0.3) 1.8 (0.1) 1.4 (0.4) 2.0 (0.1)
PA-14b 5.2 (0.6) 1.42 (0.04) 7.8 (1.1) 4.0 (0.5) ca. 0 14.1 (1.0)
The data inside brackets are standard deviations.
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gel in equilibrium with water.
Fig. 6 shows that, in the presence of electrolytes,
shrinkage of hydrolysed gels occurs. The collapse of
gels may be explained on the basis of a simple dis-
cussion [26]: at low ionic strength, the concentration
of the bound charges (and accompanying co-ions)
within gel exceeds the concentration of electrolyte
in the external solution; a large swelling pressure
causes the gel to expand, thereby lowering the con-
centration of the co-ions within the gel; and the col-
lapse of gels can also be explained on the basis of
repulsions between fixed charged groups on the
gel. As ionic strength rises inside gel, repulsions
are shielded and the gel collapses.
Analysis of experimental data shown in Fig. 6
suggests an increase of Qsw/Qss as a function of elec-
trolyte concentration; such an increase, if we
exclude the lowest electrolyte concentration, follows
a linear trend. Table 2 presents the fitting parame-
ters of the experimental data (Fig. 6) usingðQsw=QssÞ ¼ ðQsw=QssÞ0 þ mc ð1Þ
where m and (Qsw/Qss)0 are the gradient and the
intercept of the regression line, respectively, and c
is the electrolyte concentration. The fitting parame-
ters were obtained using Origin 6.0 software taking
95% confidence limits.
From this analysis, the intercept ((Qsw/Qss)0)
gives information about the sensitivity of the gel
to cationic valency, whilst the slope m is a measure
of the response of the gel to the alterations in elec-
trolyte concentration.
Particular attention should be paid to values of
(Qsw/Qss)0 obtained with different systems. This
parameter gives indication of the magnitude of gel’s
collapse and, consequently, gives some indication
about the effect of both electrolyte and CP incorpo-
ration upon hydrolysed hydrogels. Fig. 7 shows that
the dependence of that parameter on cation charge,
Z, follows a linear relationship. Therefore, for all
gels, the ionic charge effect is the predominant fac-
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Fig. 7. Effect of cationic charge (Z) on the intercept of Eq. (1), for different hydrolysed gels. The lines reproduces the fitting of the data
points to a straight line.
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(a) NaCl is the less selective electrolyte towards the
different gels; (b) the sorption of AlCl3 shows a high
selectivity (PA-0a 6 PA-14a < PA-0b PA-14b) to
the different gels under study; and (c) the presence of
CP has always influence on the electrolyte sorption.
In the case of NaCl, the electrolyte cation is the
same than the hydrogel carboxylate counter-ion.
The exchange Naþgel–Na
þ
NaCl does not occur and, if
it occurs, does not significantly alter the properties
of the whole gel matrix. The swelling degree of the
gels is also dependent on NaCl concentration (see
m values in Table 2). Therefore, the collapse of
the gel is mainly due to the screening effect on the
anionic hydrogel groups.
When the cationic electrolyte charge increases to
+2 (Ca2+), the magnitude of the collapse as well as
the dependence on the CaCl2 concentration
increases. The analysis of AlCl3 results deserves,
however, further discussion: why is there a drasticcollapse of the gels in the presence of aluminium
ions and, simultaneously, the effect of AlCl3 concen-
tration on (Qsw/Qss) is much lower (m are approx.
zero to PA-0b and PA-14b) than in other electro-
lytes? The highest collapse which occurs in these sys-
tems cannot be justified only by a screening effect
resulting from AlCl3 sorption. The exchange of
Na+ counter-ions by Al3+ is favoured by the ion
charge and consequently it seems that Al3+ can
act as a further ‘‘crosslinker’’, by bonding different
anionic charged groups of the hydrogel; these two
effects altogether will justify such collapse. Concern-
ing the second point, an explanation comes as a
consequence of the previous answer; the collapse
of Al3+/gel is accompanied by an increase of free
counter-ions, which contribute to an increase of
the swelling pressure inside the gel; the balance of
these two facts will justify such Qss behavior. When
the gel shows a highest degree of hydrolysis, the
number of interactions between cation and anionic
2068 A.J.M. Valente et al. / European Polymer Journal 42 (2006) 2059–2068groups of PAAm increases and the effect of osmotic
pressure is not so important.
Finally, it seems that CP has a clear influence
on the electrolyte sorption as well as on the hydro-
lysis process. Independently of the interaction
mechanism between electrolyte/CP and/or CP/gel,
we may point out that a synergestic effect of
calyx[4]pyrrole on the sorption of electrolytes can
be reported; such synergism may be described not
only by the possible ability to complex cations as
well as to contribute to increase the number of
amide groups that suffer hydrolysis; that is, CP
can be suggested for producing tailored gels.
4. Conclusions
A new synthesis of a calyx[4]pyrrole is described.
This synthesis procedure is quick, with high yield,
and low cost. The swelling degree of the hydrogels
based on PAAm, with and without CP, in equilib-
rium with symmetrical and unsymmetrical electro-
lytes, with different cations, is dependent on the
hydration radius (in symmetrical electrolytes) and
on the ionic charge (in unsymmetrical salts). The
effect of the cationic charge in the swelling degree
of partially hydrolysed PAAm gels is also presented;
retention of salts increases in hydrolysed gels, and
could be observed by a collapse of the gels; such effect
(collapse) increases with increasing of the cationic
charge. This is explained on the basis of a selective
exchange betweenNa+ counter-ion of the hydrolysed
gel with the external cation (Na+, Ca2+ or Al3+). This
interaction is accompanied by an increase of electro-
static bonds between cation and ionic gel structure
when the cationic charge increases and, conse-
quently, the gel collapse is higher in Al3+ systems.
The incorporation of CP in PAAm gels (with and
without suffering hydrolysis) enhances the selectivity
properties of gels for different electrolytes. The use of
CP to prepare tailored gels is also an important out-
come of the present study. This work allows the
preparation of gels which can be useful to, e.g.,
anodizing companies, for salt retention and then
for possible metallic recovery, or in the case where
recovery is not economically acceptable, for drasti-
cally reducing the metallic-containing solid wastes.
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